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I.  INTRODUCTION 


The  long  term  performance  of  frequency  standards  has  become  increasingly 
of  more  concern  as  greater  emphasis  is  placed  on  maintaining  extended  system 
synchronization  and  autonomy  in  modern  communication  and  navigation  systems. 
Where  very  long  term  (days  to  months)  synchronization  and  high  frequency 
stability  have  been  major  system  concerns,  atomic  frequency  standards  have 
been  relied  upon  to  meet  the  stringent  requirements.  Presently  the  Rb  gas 
cell  and  Cs  beam  tube  frequency  standards  are  used  where  extremely  high  per¬ 
formance  over  an  extended  period  is  mandated  by  system  requirements;  the  use 
of  the  H-maser  and  the  stored  ion  frequency  standard  are  envisioned  in  the 
future  to  meet  the  anticipated  increased  demands  of  advanced  communications 
and  navigation  systems. 

Presently  the  Rb  gas  cell  atomic  clock  is  the  most  often  used  atomic 
frequency  standard  in  high  performance  systems  because  of  its  small  size,  low 
weight,  low  power  consumption  and  excellent  short  term  performance.  Some 
undesirable  characteristics  of  the  Rb  clock  include:  frequency  drift,  spon¬ 
taneous  frequency  jumps  and  random  walk  of  frequency  behavior.  Spontaneous 
frequency  jumps  are  generally  unpredictable  in  magnitude  and  occurrence,  but 
typically  can  be  on  the  order  of  a  few  parts  in  1012,  with  periods  of  up  to  a 
few  weeks  between  events.  Modern  Rb  atomic  clocks  display  frequency  drifts 
ranging  from  a  few  parts  in  10*2/d  to  as  low  as  a  few  parts  in  10^/d; 
however,  because  there  is  no  physical  model  describing  this  frequency  drift, 
predictability  of  drift  must  be  based  on  long  term  empirical  observations. 
Random  walk  of  frequency  behavior  is  characteristic  of  Rb  clock  performance 
for  averaging  times  greater  than  10^  s.  Spontaneous  frequency  jumps, 
frequency  drift,  and  random  walk  of  frequency  all  affect  the  long  term 
performance  of  the  Rb  clock  and  where  extended  system  performance  is  required, 
system  designers  are  sometimes  forced  to  accept  the  larger,  heavier,  and  more 
power  consuming  clocks,  e.g.,  the  Cs  beam  tube  clock  or  H-maser  to  achieve 
better  long  term  performance  than  that  provided  by  the  Rb  clock. 
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Although  it  has  been  clear  for  some  time  that  improvements  in  the  long 
term  characteristics  of  the  Rb  clock  could  be  advantageously  applied  to  both 
present  and  future  systems,  investigations  of  the  physical  phenomena  causing 
these  characteristics  have  been  thwarted  by  the  extensive  time  and  concurrent 
costs  associated  with  the  necessary  tests  and  measurements,  tfe  report  here 
results  of  a  recent  long  term  frequency  stability  test  of  an  Rb  atomic  clock. 
In  addition  to  this  test  yielding  a  thorough  measurement  of  the  performance 
characteristics  of  one  particular  unit,  and  hopefully  the  general  charac¬ 
teristics  of  similarly  manufactured  units,  it  also  provided  some  insight  into 
the  possible  physical  phenomena  responsible  for  different  performance  charac¬ 
teristics.  Although  no  definitive  conclusions  can  be  reached  based  on  a 
single  test,  albeit  a  very  long  test,  the  inferences  drawn  from  this  test  are 
very  strong  and  could  serve  as  a  guide  to  future  clock  design  and  testing. 


II.  DISCUSSION 


To  facilitate  our  discussion  we  have  displayed  a  block  diagram  of  an  Rb 
atomic  clock  (Ref.  1)  in  Fig.  1.  The  essence  of  the  Rb  dock,  in  fact  of  any 
passive  atomic  clock,  is  that  the  output  frequency  of  a  quartz  crystal 
oscillator  is  stabilized  by  referencing  (locking)  it  to  the  frequency  of  an 
atomic  transition.  To  accomplish  this  frequency  locking,  the  atomic  transi¬ 
tion  must  be  stimulated  and  detected  in  some  manner.  In  the  Rb  clock,  as 
shown  in  Fig.  1,  the  atomic  transition  is  stimulated  by  a  microwave  field  that 
is  ultimately  derived  from  the  quartz  oscillator's  output  and  the  Rb  transi¬ 
tion  is  detected  by  observing  the  transmission  of  light  from  the  Rb  discharge 
lamp  through  the  cell  containing  Rb  vapor.  The  sensed  light  is  then  used  as 
the  feedback  signal  to  maintain  the  quartz  oscillator's  frequency.  The 
stability  that  characterizes  the  atomic  transition  frequency  is  thus  trans¬ 
ferred  to  the  quartz  oscillator.  The  Rb  transition  frequency  depends  on 
various  parameters  such  as  temperature,  magnetic  field,  power  of  the  microwave 
field.  Intensity  and  wavelength  of  the  light  from  the  discharge  lamp,  etc. 
Thus,  changes  in  these  parameters  can  result  in  alterations  in  the  quartz 
oscillator's  output  frequency  unless  through  careful  design  the  sensitivities 
of  the  Rb  transition  frequency  to  these  particular  parameters  are  brought 
essentially  to  zero. 

A  prototype  Rb  atomic  clock  (Refs.  2,3),  designed  and  manufactured  by 
EG&G,  Electronic  Components  Division,  for  use  onboard  the  NAVSTAR/Global 
Positioning  System  satellites,  was  subjected  to  a  long  term  frequency 
stability  test  at  the  National  Bureau  of  Standards  (NBS)  in  Boulder,  CO. 

(Ref.  4).  The  total  test  period  was  about  7  months  and  was  conducted  under 
thermovac  conditions.  The  results  indicated  performance  of  this  prototype  Rb 
clock  to  be  at  the  state-of-the-art  level.  The  measured  frequency  stability 
of  this  unit  was  found  to  be  among  the  best  reported  for  any  Rb  clock,  and 
thus  we  believe  that  careful  analyses  of  the  test  data  may  lead  to  either  the 
fundamental  limitations  or  the  means  to  advance  the  present  Rb  clock  tech¬ 
nology.  In  addition  to  monitoring  the  frequency  of  the  Rb  clock  and  comparing 
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it  to  the  frequency  of  the  NBS  clock  ensemble,  other  clock  parameters  were 
recorded  over  the  course  of  the  test.  In  particular,  a  record  was  made  of  the 
dc  current  at  the  photodiode,  which  if  all  other  parameters  such  as  tempera¬ 
ture,  microwave  power,  etc.,  are  constant,  as  was  found  to  be  the  case  in  this 
test,  is  a  direct  measure  of  the  clock's  lamp  output. 

In  Fig.  2  the  clock  frequency  and  light  intensity  recorded  during  the 
test  are  displayed.  The  two  notable  features  are  the  jumps  in  the  frequency, 
numbered  in  the  figure  from  1  to  8,  and  the  continuous  decline  in  both  the 
frequency  and  light  intensity.  Very  strong  correlations  have  been  found 
between  the  frequency  jumps  and  the  light  intensity  jumps  for  events  numbered 
2,  5,  6,  7  and  8.  There  are  also  correlations,  although  not  as  strong, 
between  the  frequency  and  light  intensity  for  events  1,  2A,  3,  and  4.  The 
occurrence  of  the  frequency  jumps  can  be  understood  in  terms  of  a  physical 
model.  In  this  model  the  Rb  metallic  reservoir,  which  is  held  in  place  in  the 
lamp  by  thermal  gradients,  is  broken  apart,  presumably  under  the  Influence  of 
gravity,  and  the  movement  of  small  amounts  of  Rb  metal  in  the  lamp  to  areas  of 
different  temperatures  causes  a  sudden  change  in  the  light  output  from  the 
lamp  which  directly  affects  the  frequency  output  of  the  clock  (Ref.  3).  The 
light  and  frequency  jumps  were  not  associated  with  the  expected  changes  in  the 
recovered  signal.  It  seems  likely,  therefore,  that  the  lamp  intensity  change 
is  mostly  in  the  lamp  RF  excitation  power  resulting  from  a  change  in  the  load 
presented  to  the  lamp  exciter  due  to  Rb  redistribution.  From  the  frequency 
jumps  it  is  evident  that  a  decrease  in  light  intensity  results  in  an  increase 
in  the  frequency  of  the  clock.  One  would  then  expect  that  with  the  decreasing 
light  intensity  the  clock  should  have  exhibited  a  positive  frequency  drift. 
From  the  test  record,  it  is  clear  that  any  contribution  of  the  light  intensity 
to  the  clock's  frequency  drift  must  be  small  compared  to  the  primary  and  yet 
to  be  understood  cause  or  causes  of  frequency  drift  in  the  Rb  clock. 

The  effects  of  noise  sources  and  random  processes  on  the  clock's  fre¬ 
quency  are  measured  in  the  time  domain  by  the  Allan  variance  (Ref.  5).  To 
investigate  the  effects  of  statistical  fluctuations  of  the  light  intensity  on 
the  frequency  stability  of  the  clock,  we  computed  the  Allan  variance  of  the 


light  intensity.  This  result  is  displayed  in  Fig.  3.  The  plot  exhibited  in 
Fig.  3  can  be  thought  of  as  the  fractional  intensity  fluctuation  from  the  lamp 
in  the  same  way  the  "normal"  Allan  variance,  o^Ct),  that  we  associate  with  the 
clock  represents  fractional  frequency  fluctuations.  The  light  intensity  fluc¬ 
tuations  result  in  clock  frequency  noise  because  of  the  light  shift  effect. 
This  is  the  same  reason  that  the  spontaneous  light  intensity  jumps  result  in 
frequency  jumps.  To  convert  the  light  fluctuation  to  frequency  noise  we 
derived  a  light  shift  coefficient  by  analyzing  the  frequency  jumps,  events  2, 
5,  6,  7  and  8.  From  these  jumps  we  derived  the  relation: 

-  -  (3  ±  1)  x  10"10  (1) 

where  Af  is  a  change  in  clock  frequency,  f  is  the  nominal  clock  frequency,  and 
AI  is  a  change  in  light  intensity  from  the  nominal  intensity,  I. 

The  EG&G  Rb  frequency  standard  design  includes  a  discrete  filter  cell  in 
a  separate  oven  and  the  light  shift  parameters  can  be  adjusted  by  varying  the 
temperature  of  the  filter  cell.  The  filter  cell  temperature  was  chosen  as  a 
compromise  between  residual  neutral  density  light  intensity  and  lamp  oven  tem¬ 
perature  coefficients  of  frequency.  The  measured  neutral  density  light  shift 
coefficient  for  this  unit  was  -1.5  x  10”^  (Al/I),  a  value  of  the  same  sense 
and  order-of-magnitude  as  observed  for  the  jumps;  but  a  neutral  density  light 
intensity  change  would  normally  result  in  a  signal  change  in  the  same  direc¬ 
tion  and  of  an  equal  or  larger  percentage  magnitude  than  the  light  change. 

The  actual  signal  change  was  small  and  generally  in  the  opposite  direction. 
Such  an  effect  is  often  associated  with  a  change  in  the  RF  excitation  power 
applied  to  an  Rb  lamp  operating  in  the  "mixed”  Rb-Kr  mode. 

The  light  shift  coefficient  of  Eq.  (1)  is  therefore  empirically  defined 
in  terms  of  the  observed  behavior  of  this  unit.  Using  the  above  relationship, 
we  convert  the  Allan  variance  of  light  intensity  as  displayed  in  Fig.  3  to  a 
predicted  clock  frequency  Allan  variance  due  to  light  fluctuations  only.  This 
result  is  displayed  in  Fig.  A  as  the  dotted  line.  For  comparison  we  have  also 
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Figure  4 


LOG  AVERAGING  TIME,  sec  . 


.  The  solid  line  is  the  measured  Allan  variance,  o  (t),  of  the  Rb 
clock's  frequency  fluctuations.  The  dashed  line^is  the  computed 
Allan  variance  of  the  clock's  frequency  fluctuations  due  to  the 
light  intensity  fluctuations.  The  difference  between  these  two 
curves  is  given  by  the  dotted-dashed  line  and  represents  the  clock 
stability  in  the  limit  of  either  a  perfectly  noise-free  lamp  or  an 
Rb  absorption  cell  with  zero  light  shift  coefficient. 


plotted  in  Fig.  4  the  measured  clock  frequency  Allan  variance.  It  is  inter¬ 
esting  to  note  that  the  Allan  variance  over  the  entire  data  length  can  be 
completely  described  in  terms  of  white  frequency  noise  and  random  walk  of 
frequency  noise;  i.e.(  this  clock  exhibited  no  flicker  of  frequency  noise 
(Ref.  6).  This  may  be  due  to  either  the  fact  that  this  Rb  clock  does  Indeed 
have  state-of-the-art  performance  with  no  flicker  of  frequency  noise,  or  that 
flicker  of  frequency  noise  postulated  to  exist  in  Rb  clocks  was  simply  an 
artifact  because  of  insufficient  test  duration. 

The  Allan  variance  computed  from  the  light  intensity  fluctuations  con¬ 
verges  to  the  measured  clock  Allan  variance  in  the  long  term,  l.e.,  for 
averaging  times  greater  than  10^  s.  For  shorter  averaging  times,  especially 
less  than  10^  s,  there  seems  to  be  only  a  negligible  effect  of  excess  light 
noise  on  the  frequency  fluctuations.  This  result  seems  entirely  reasonable 
considering  a  previous  analysis  (Ref.  3)  indicating  that  the  short  term  per¬ 
formance  of  this  clock  is  limited  by  “Shot  noise.  Our  new  result  indicates 
then  that  the  long  term  stability  of  this  Rb  clock  is  limited  by  the  random 
walk  of  intensity  of  the  Rb  lamp.  Because  of  the  superb  performance  of  this 
unit,  we  believe  that  this  limitation  is  fundamental  to  all  Rb  clocks.  The 
third  line  plotted  in  Fig.  4  is  the  difference  between  the  measured  Allan 
variance  and  that  predicted  by  the  fluctuations  in  the  light  intensity,  which 
is  then  the  Allan  variance  we  would  expect  if  the  light  noise  were  eliminated 
or  drastically  reduced. 


*To  compute  these  Allan  variances,  drift  terms  were  removed  from  both  the 
frequency  and  light  intensity  using  a  least  squares  method.  Although  it  has 
been  argued  that  this  is  not  entirely  proper  in  the  presence  of  random  walk 
noise,  we  believe  that  the  discrepancy  has  little  effect  in  terms  of  our 
comparison. 


III.  SUMMARY 


We  have  considered  the  effects  of  light  intensity  changes  on  the  perfor¬ 
mance  of  a  prototype  Rb  atomic  clock  and  have  concluded  that  although 
frequency  jumps  could  be  attributed  to  light  intensity  jumps,  light  intensity 
changes  were  not  the  primary  cause  of  frequency  drift.  This  analysis  has  also 
investigated  the  relationship  between  clock  frequency  noise  and  light  inten¬ 
sity  noise.  Our  result  shows  that  although  light  intensity  noise  has  almost 
no  effect  on  the  short  term  performance  of  the  clock,  the  long  term  perfor¬ 
mance  appears  to  be  significantly  affected  by  the  light  intensity  fluctua¬ 
tions.  Although  our  finding  rests  heavily  on  our  derived  light  shift  coeffi¬ 
cient,  we  argue  that  this  coefficient  is  very  good  because  it  is  derived  in 
situ.  Our  results  then  indicate  that  an  improved  light  source  or  a  decreased 
light  shift  coefficient  could  dramatically  improve  long  term  Rb  clock 
frequency  stability.  A  second  such  prototype  Rb  atomic  frequency  standard  did 
not  exhibit  such  light  and  frequency  jumps  over  a  7-month  test  interval.  The 
only  known  difference  was  that  that  unit  had  a  normal  (60  ugram)  rather  than  a 
high  (474  ugram)  lamp  fill.  Because  the  particular  clock  under  test  did 
display  state-of-the-art  performance,  we  believe  that  lamp  noise  is  a 
fundamental  issue  which  needs  resolution  to  advance  Rb  clock  technology  as  a 
whole. 
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LABORATORY  OPERATIONS 


The  Laboratory  Operations  of  The  Aerospace  Corporation  Is  conducting 
experimental  and  theoretical  Investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  space  systems.  Versatility 
and  flexibility  have  been  developed  to  a  high  degree  by  the  laboratory  person¬ 
nel  In  dealing  with  the  many  problems  encountered  In  the  nation's  rapidly 
developing  space  systems.  Expertise  In  the  latest  scientific  developments  Is 
vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The  labora¬ 
tories  that  contribute  to  this  research  are: 

Aerophvslcs  Laboratory:  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamics;  chemical  and  electric  propulsion,  propellant 
chemistry,  environmental  hazards,  trace  detection;  spacecraft  structural 
mechanics,  contami nat ion,  thermal  and  structural  control;  high  temperature 
thermomechanics ,  gas  kinetics  and  radiation;  cw  and  pulsed  laser  development 
Including  chemical  kinetics,  spectroscopy,  optical  resonators,  beam  control, 
atmospheric  propagation,  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions,  atmo¬ 
spheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radia¬ 
tion  transport  in  rocket  plumes,  applied  laser  spectroscopy,  laser  chemistry, 
laser  optoelectronics,  solar  cell  physics,  battery  electrochemistry,  space 
vacuum  and  radiation  effects  on  materials,  lubrication  and  surface  phenomena, 
thermionic  emission,  photosensitive  materials  and  detectors,  atomic  frequency 
standards,  and  environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  fault-tolerant  computer  systems,  artificial  intelligence  and 
microelectronics  appl lcatlons. 

Electronics  Research  Laboratory:  Microelectronics,  GaAa  low  noise  and 
power  devices,  semiconductor  lasers,  electromagnetic  and  optical  propagation 
phenomena,  quantum  electronics,  laser  communt cat  tons,  Ildar,  and  electro¬ 
optics;  communication  sciences,  applied  electronics,  semiconductor  crystal  and 
device  physics,  radiometric  imaging;  millimeter  wave,  microwave  technology, 
and  RF  systems  research. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metal 
matrix  composites,  polymers,  and  new  forms  of  carbon;  nondestructive  evalua¬ 
tion,  component  failure  analysis  and  reliability;  fracture  mechanics  and 
stress  corrosion;  analysis  and  evaluation  of  materials  at  cryogenic  and 
elevated  temperatures  as  well  as  In  space  and  enemy-induced  environments. 

Space  Sciences  Laboratory:  Magnetospheric,  auroral  and  cosmic  ray  phys¬ 
ics,  wave-part \ cle  interactions,  magnetospheric  plasma  waves;  atmospheric  and 
ionospheric  physics,  density  and  composition  of  the  upper  atmosphere,  remote 
sensing  using  atmospheric  radiation;  solar  physics.  Infrared  astronomy. 
Infrared  signature  analysis;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  earth's  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  ayatems;  space 
1 nstrument  at i on. 


